Abstract -In order to clarify the mechanisms underlying high efficiency of the silica sink in monomictic Lake Biwa in Japan, vertical flux of biogenic silica (BSi) was measured using sediment traps over a period of 15 months. The sediment traps were deployed at depths of 30 and 70 m. On a global scale, BSi fluxes in Lake Biwa were very high, ranging from 20 to 1087 mg Si.m In the winter period, when nutrients are supplied from the hypolimnion to the epilimnion, the distribution of photosynthetically active diatoms was almost homogeneous in all layers, including the aphotic layer. At this time, the diatoms assimilated dissolved silica (DSi) in a wider layer containing a part of aphotic layer in order to produce rigid frustules, which accumulated rapidly in bottom sediments as DSi concentration in the water column decreased. Thus, size of the silica sink in Lake Biwa is enhanced during the winter holomictic mixing period through interaction between physical (thermocline disruption: transfer of diatoms to deep layers by vertical convection), chemical (nutrient supply from deep layers) and biological (dominance of active diatoms in all layers) processes.
Introduction
Recent studies have reported that absolute loads supply of dissolved silica (DSi: Si(OH) 4 ) from terrestrial to marine environments has decreased due to increase in nutrient loads [dissolved inorganic nitrogen (DIN: sum of ammonia, nitrite and nitrate) and dissolved inorganic phosphate (DIP)] and stagnation in limnetic systems (Humborg et al., 1997 (Humborg et al., , 2006 Nixon, 2003; Sferratore et al., 2008) . Decrease in the supply of DSi has led to a change in relative loads to coastal areas (i.e., decrease in DSi: DIN and DSi: DIP) (Garnier et al., 2010) . These disruptions to the biogeochemical environment may cause changes in the structure of phytoplankton communities, such as those of diatoms and non-siliceous algae, greatly affecting marine ecosystems (Humborg et al., 1997 (Humborg et al., , 2000 Teubner and Dokulil, 2002) . This sequence of phenomena is referred to as the silica deficiency hypothesis Stoermer, 1971, 1972) and is regarded as a critical factor in aquatic marine systems (Billen et al., 1991; Conley et al., 1993; Turner et al., 2003; Gong et al., 2006) . Interestingly, compared to nitrogen and phosphorus, relatively few studies have examined silica dynamics of limnetic systems. It is very important that we undertake studies focused on understanding the mechanisms by which silica sinks operate in limnetic systems, as doing so will allow managers to address silica deficiency problems, including their impact on land-ocean systems.
The area examined in this study, Lake Biwa, is a well-known silica sink (Hori et al., 1969; Miyajima et al., 1995; Goto et al., 2007) . In a previous study, we reported that the sedimentation rate of silica in Lake Biwa was 2.0r 10 7 kg Si.y x1 , which is equivalent to approximately 80% of annual flow discharge of DSi into Lake Biwa (Goto et al., 2007) . Although the volume of Lake Biwa (2.75r 10 10 m 3 ) is very small compared to that of Lake Michigan (487 r 10 10 m 3 ) and Lake Erie (45.8 r 10 10 m 3 ), the size of the silica sink in Lake Biwa is approximately a quarter of that in each Great Lake. We also clarified how the silica sink in Lake Biwa is enhanced during the winter period (December to February) as holomictic mixing transports nutrients, particularly DIP, from the deeper layers to the surface layers for assimilation of DSi by large centric diatoms and subsequent descent of their frustules to bottom sediments (Goto et al., 2007) . However, in that study, while the size and mechanisms associated with the silica sink in Lake Biwa were estimated on the basis of seasonal variations in DSi concentrations in the lake and its watershed, downward flux of biogenic silica (BSi, diatom frustules) was not directly measured. As a consequence, seasonal variation in the amount of Si exported to the lake bottom through diatom sinking was not clearly defined or quantitatively characterized. Despite an increasing awareness of the importance of BSi dynamics in limnetic systems, relatively few studies have been conducted on vertical flux of BSi in freshwater lakes Bootsma et al., 2003; Pilskaln, 2004; Mu¨ller et al., 2005) .
This study, therefore, examined the vertical flux of BSi and total particulate silica (TPSi) in the northern basin of monomictic Lake Biwa using cylindrical sediment traps over a period of 15 months. In addition, physicochemical and biological parameters (water temperature, concentrations of nutrients, particulate organic matter, chlorophyll a (Chl a) and potential maximum quantum yield [F v /F m ] of phytoplankton) were also measured. These observations were then used for further clarification of detailed mechanisms associated with the silica sink in Lake Biwa.
Materials and methods

Sampling
The vertical fluxes of particulate matters [BSi, TPSi and particulate organic carbon (POC), particulate organic nitrogen (PON) and particulate phosphorus (PP)] were measured using cylindrical sediment traps (three cups, mouth diam.: 70 mm and length: 640 mm). The sediment traps were deployed at Sta. T1 (30 and 70 m depth) in the northern basin of Lake Biwa (surface area: 670 km 2 , mean water depth: 43 m, maximum depth: 104 m), Japan, for a period of 1-14 days a month from December 2004 to February 2006 (Fig. 1) . During sampling, a 1-mm mesh was placed over the mouth of the trap to prevent large swimmers from entering the traps.
At the time of trap deployment, water column samples were collected along a vertical distribution (0-85 m: 15 layers) to measure DSi, other nutrients (DIN and DIP), Chl a, particulate matter (BSi, POC, PON and PP) and F v /F m of phytoplankton at Sta. T1 using a Van Dorn water sampler. Water temperature and underwater irradiance were measured using a CTD (ACL-220, Alec) fitted with a PAR sensor LiCor) .
Analytical methods
After recovery of the traps, sediment trap samples for measurement of BSi and TPSi were immediately filtered through polycarbonate filters (pore size: 0.6 mm, Nuclepore), which were then dried at 60 xC for 48 h and stored in a desiccator at room temperature until analysis. To determine POC, PON and PP, the remaining samples were immediately filtered through glass fiber filters (GF/F, Whatman) that had been precombusted at 420 xC before storing at x 30 xC in a deep freezer until chemical analysis. In addition, subsamples (1 Liter) were preserved in buffered formalin solution (final concentration 5%) to determine algal species composition.
BSi concentration was measured using the method of DeMaster (1981) with slight modifications. Briefly, BSi concentration was determined based on difference in dissolution rates between BSi and lithogenic silica (LSi) in an alkaline solution (1% Na 2 CO 3 , 85 xC). DSi in the solution was measured using the molybdenum blue or yellow method of Mullin and Riley (1955) . The analytical precision of BSi, expressed as standard deviation, was 0.5 mmol.L x1 . Filter sample for measurement of TPSi was digested by heating in an alkaline solution (0.5% Na 2 CO 3 ), and the solution was evaporated to dryness (Fujinaga and Hori, 1982; Kawamura and Goto, 1994) . The dried residue was fused with a burner. After cooling, the dried residue was dissolved by heating in distilled water. The supernatant was neutralized by HCl and DSi in the supernatant was measured using the molybdenum blue or yellow method of Mullin and Riley (1955) . N. Goto et al.: Ann. Limnol. -Int. J. Lim. 49 (2013) 139-147 LSi concentrations were calculated by subtracting BSi concentration from TPSi concentration.
POC and PON were analysed with a CHN corder (MT-5, Yanaco). PP was determined by the method of Menzel and Corwin (1965) .
Water samples collected for chemical analysis of DSi were immediately filtered through polycarbonate filters (pore size: 0.6 mm, Nuclepore). Water samples collected for chemical analysis of other nutrients and Chl a were immediately filtered through glass fiber filters (Whatman, GF/F) that had been precombusted at 450 xC. Filtrates for determination of DSi and other nutrients were stored at 4 xC and x30 xC, respectively, while filters for determination of Chl a were stored at x80 xC until chemical analysis in the laboratory. Water samples for determination of algal species composition were preserved in a buffered formalin solution (final concentration 5%).
DSi concentrations of water from the water column were analyzed spectrophotometrically using the molybdenum blue or yellow method of Mullin and Riley (1955) . Ammonia concentration was determined by the method of Sagi (1966) , nitrite concentration after Bendschneider and Robinson (1952) and phosphate concentration after Murphy and Riley (1962) . Nitrate was analyzed using an ion chromatographic analyzer (DX-120, Dionex). Chl a concentration was analyzed fluorometrically (10-AU, Turner Design) after extraction in 90% acetone and ultrasonication for 30 s (Holm-Hansen et al., 1965) .
The parameter F v /F m , which is an indicator of maximum photochemical efficiency of PSII reaction centers in dark-adapted algal cells, was measured using a Water-PAM chlorophyll fluorometer (Heinz Walz GmbH) equipped with a Water-ED Emitter-Detector Unit (Heinz Walz GmbH). Samples were placed in a 15-mm diameter quartz cuvette after 20-30 min of darkadaptation (Schreiber et al., 1995) .
Results
Physicochemical and biological parameters in the water column Lake Biwa was characterized as a monomictic lake based on its circulation period (February) and stratification period (April to November) (Fig. 2) ) throughout the study period (Fig. 3) . During the stratification period, DSi concentration in the epilimnion (range: 5.2-24.5 mmol.L x1 , 14.8 ¡ 6.1 mmol.L x1 ) was markedly lower than that in hypolimnion (range: 23.7-78.6 mmol.L x1 , 34.5¡ 12.4 mmol.L x1 ), increasing gradually below the thermocline with an increase in water depth. Conversely, DSi concentration in the circulation period (22.9¡ 0.7 mmol.L x1 ) was distributed almost uniformly in all layers. The standing stock of DSi in the water column (mol.m x2 ) at Sta. T1 varied from 1.77 to 2.68 mol.m x2 during the entire observation period, and the standing stock in the circulation period (February 2005 and tended to decrease markedly compared to the other months (Fig. 3) . The concentrations of DIN and DIP at Sta. T1 ranged from 0.4 to 26.4 mmol.L x1 (13.9 ¡ 5.7 mmol.L x1 ) and from 0.01 to 0.30 mmol.L x1 (0.05¡ 0.05 mmol.L x1 ) during the observation period, respectively. The mean DSi: DIP and DIN: DIP molar ratios were 872 (range: 128-5750) and 577 (range: 44-2850), respectively.
The molar ratio of BSi to PP (BSi: PP) at depths of 30 m and 70 m in the water column ranged from 5.2 to 74.9 (30.3¡ 21.2) and 8.8 to 36.4 (21.4¡ 8.2) throughout the observation period, respectively (Fig. 4) . The BSi: PP ratio exhibited a tendency to increase in the winter period and were almost equal at both depths during the circulation period (February 2005 and . The molar ratio of PON: PP at depths of 30 and 70 m ranged from 7.8 to 31.3 (20.6¡ 5.2) and from 9.0 to 22.6 (16.1¡ 3.7), respectively (Fig. 4) .
The concentration of Chl a at Sta. T1 ranged from 0.07 to 11.7 mg chl a.L x1 during the observation period, with two marked peaks observed in the epilimnion in December 2004 and November 2005 (Fig. 5A) chl a.L x1 ). On the other hand, during the stratification period, Chl a concentration was relatively high in the epilimnion (4.16 ¡ 2.26 mg chl a.L x1 ), decreasing markedly below the thermocline (hypolimnion: 0.82
The F v /F m value at Sta. T1 ranged from 0.07 to 0.76 and exhibited a tendency to increase during the circulation period and decrease during the stratification period (Fig. 5B) . During the circulation period, ) throughout the observation period, respectively (Fig. 6) . BSi fluxes in the upper and lower traps showed a tendency to increase during the winter period, and to decrease in the summer stratification period. While the BSi fluxes in the upper trap were higher than those in the lower trap during the first winter period (December 2004 to February 2005 , BSi fluxes in the upper trap were lower than those in the lower trap during the second winter period (December 2005 and February 2006 ). This may be attributed to an episodic lateral transport of resuspended sediment from a steep slope on the west side of the lake basin.
The ratio of BSi fluxes to TPSi fluxes in 30 and 70 m traps ranged from 12 to 82% (56 ¡ 21%) and from 15 to 76% (50 ¡ 17%), respectively (Fig. 7) . The BSi: TPSi flux in both traps showed a decreasing tendency in summer when thermal stratification develops and water (Fig. 6 ). These BSi fluxes are higher than those observed in other freshwater lakes of the world (Table 1 ). The annual basin-wide BSi flux in the northern basin of Lake Biwa was approximated using the annual BSi flux data collected from the 30 m trap (116 g Si.m x2 .y x1 ) and the total area of the lake areas deeper than 30 m in the northern basin (393 km 2 ). Consequently, the basin-wide BSi flux becomes 4.6 r 10 7 kg Si.y x1 (1.6r 10 9 mol Si.y x1 ), which is equivalent to approximately twice the annual inflow from the rivers flowing into Lake Biwa (2.5r 10 7 kg Si.y x1 , 0.89 r 10 9 mol Si.y x1 ) (Goto et al., 2007) . In the previous study, we reported that the sedimentation rate (which corresponded to permanent burial rate) of silica in Lake Biwa was 2.0 r 10 7 kg Si.y x1 (Goto et al., 2007) . These results mean that a significant proportion of BSi that settled on the lake bottom is decomposed quickly and then the regenerated DSi is reutilized by diatoms. These findings indicate that an internal cycling of silica occurs intensively in Lake Biwa. BSi fluxes in both of the traps in the northern basin of Lake Biwa showed a tendency to increase during winter period (Fig. 6) (Fig. 7) . Azumi et al. (2009) reported that the rate of DSi regeneration from sediments in the hypolimnion (water depth > 30 m) of Lake Biwa is almost constant throughout the year because the water temperature in the hypolimnion of Lake Biwa does not vary markedly throughout the year (8.3 ¡ 1.0 xC). The findings of this study indicate that the silica pump in Lake Biwa is particularly efficient during winter, with the size of the silica sink increasing during the circulation period (Goto et al., 2007) . In order to explain that the largest sediment flux of BSi occurs during winter, BSi production rate in Lake Biwa was roughly estimated as follows:
BSi production rate (mg Si.m x2 .d x1 )= primary production rate (mg C.m x2 .d x1 )r Si/C ratio, where primary production rate is 385 mg C.m x2 .d x1 (unpublished date: mean value from December 2006 to February 2007 at Sta. T1), assuming that all primary production was carried out by diatoms. Si/C weight ratio is 1.84 (molar ratio: 0.79) from 12 freshwater species collected from natural waters (Sicko-Goad et al., 1984) . As a result, BSi production rate becomes 708 mg Si.m x2 .d x1 and this estimate can account nearly for the BSi flux during winter. Saxton et al. (2012) reported that Si/C fixation ratios of diatoms in Lake Erie were significantly higher in winter and thus this diatom-dominated winter community disposed to higher sinking rates.
Silica sink characteristics during winter circulation period
In this study, export ratio from the surface layer can be estimated by the quotient (BSi flux at 30 m trap: mg Si.m x2 .d x1 )/(standing stock of BSi in water column of 0-30 m depth: mg Si.m x2 ). Except for May 2005, there were two peaks in the export ratio during the circulation period (February 2005 and (Fig. 8) . During this period of low water temperature, centric diatoms, such as Aulacoseira, Fragilaria and Stephanodiscus, become dominant in Lake Biwa (Kawabata, 1987; Goto et al., 2008) . In addition, we also observed that dominant algal groups in the sediment traps at 30 and 70 m were diatoms (Asterionella, Aulacoseira, Fragilaria and Stephanodiscus) during the circulation period. These high specific-gravity diatoms sink rapidly to the bottom of Lake Biwa in the event of a disruption in the thermocline, i.e. a marked transfer of diatoms to the deep layer occurs by vertical convection (density current) in the circulation period. More than 97% of diatom frustules (cell numbers) that accumulate in the surface sediment layer (0-6 m) of northern basin of Lake Biwa are comprised of two groups of centric diatoms, Aulacoseira spp. and Stephanodiscus spp. (Negoro, 1960 (Negoro, , 1967 . Similarly, we observed large quantities of frustules from these two groups of diatom genera in the sediments of the lake bottom. It therefore appears that BSi flux in Lake Biwa increases during the winter period when DSi and other nutrients move from the hypolimnion to the epilimnion, because these relatively heavy diatoms settle quickly in the hypolimnion where the water temperature is lower (7-8 xC) before undergoing biological and physicochemical degradation in the epilimnion (Horne and Goldman, 1994; Ryves et al., 2003) .
In the past decade, there have been several reports stressing the importance of inputs of BSi derived from terrestrial plants (phytoliths) (Conley, 2002; Bootsma et al., 2003) . Phytoliths may affect the silica cycle in Lake Biwa, because approximately 70% of the catchment basin ) of Lake Biwa is forest area. However, in this study, pelagic diatom frustules (including some benthic diatoms in the littoral zone) were overwhelmingly observed in trap and sediment samples, therefore it is assumed that phytoliths contribute little to BSi flux in Lake Biwa.
Although the growth of phytoplankton in Lake Biwa is generally limited by phosphorus, this limitation is alleviated during the winter period by an increase in nutrient supply from deeper layers, resulting in potential photosynthetic competence of phytoplankton tending to increase at this time of year (Tezuka, 1984; Goto et al., 2008) . Similarly, in this study, relatively high F v /F m values of phytoplankton were distributed approximately uniformly in all layers during the mixing period (Fig. 5B) . In addition, Chl a concentrations in all layers at this time were also approximately uniform (Fig. 5A) . Taken together, these results indicate that active diatoms also sink rapidly into the hypolimnion and that metabolically active diatoms are observed in all water layers during winter. This finding is supported by the fact that the molar ratios of BSi to PP in the water column at 30 and 70 m were almost equal during the circulation period in February 2005 and 2006 (Fig. 4) . Silicon metabolism and photosynthesis are not directly coupled in diatoms, and DSi uptake by diatoms increases slightly in the dark (Ragueneau et al., 2000; Wetzel, 2001 ). Indeed, it may be presumed that diatoms in a wider layer containing a part of aphotic zone take up DSi in the circulation period, which means that this DSi uptake and subsequent silicification processes occur in a wider layer.
It can therefore be concluded that BSi flux in Lake Biwa is very high compared to other lakes around the world and that this flux increases markedly during the winter period. Consequently, the ratio of BSi flux in winter period to annual BSi flux ranges between 27 and 62%. The reason for increase in the size of the silica sink during winter period is outlined in Figure 9 . Briefly, increase in nutrient supply from the deeper layers to the surface layers during the winter period contributed to the growth and multiplication of diatoms in the surface layer. Shortly thereafter, active diatoms were distributed almost uniformly in all layers by the action of vertical convection and/or sedimentation of diatoms. These diatoms transform the DSi into BSi in a wider layer containing a part of aphotic layer and their rigid and heavy frustules accumulate rapidly in bottom sediments where they are less susceptible to dissolution due to low water temperatures in the hypolimnion (7 x 8 xC) throughout the year. Lake Biwa in Japan is thus a very large silica sink because of the phenomena associated with the winter period described above.
